T cells from those in G 1 that may represent cell populations HE CELL-CYCLE STATUS and responsiveness to in vitro cytokine stimulation is critical in defining stratewith distinct hematopoietic capabilities. Although the suicide gies for hematopoietic progenitor/stem cell expansion 1-3 and techniques using 3 H-thymidine [16] [17] [18] or cytosine arabinoside 19 somatic gene therapy. 4, 5 It is generally believed that primitive are dynamic procedures capable of determining the relative hematopoietic progenitor cells (HPCs) lie dormant within proportion of resting versus cycling HPCs, they rely on sethe bone marrow (BM) microenvironment. [6] [7] [8] Supporting this lective killing of actively cycling cells, therefore preventing hypothesis is evidence that primitive HPCs, unlike committheir functional characterization. This prompted us to evaluted progenitors, display a latency period before they respond ate the use of multiparameter flow cytometry methods applito cytokine-driven cell-cycle activation [9] [10] [11] and that they are cable to viable CD34 / cells and potentially capable of disresistant to exposure to antimitotic drugs like 5-fluorouracriminating between subcompartments of the G 0 /G 1 phase cil. [12] [13] [14] Cell-cycle analysis and sorting by direct measureof the cell cycle. ment of DNA content with Hoechst 33342 (Hst) has been
The ability to correlate the DNA content of individual used to compare the hematopoietic function of cells in G 0 / cells to other cell constituents such as total RNA or proteins G 1 versus those in S/G 2 / M phases. 15 However, such a static has led to the description of different kinetic compartments ''snapshot'' measurement does not distinguish quiescent G 0 within the traditional phases of the cell cycle. In particular, subcompartments of the G 0 /G 1 phase were described based on simultaneous DNA/RNA determination. [20] [21] [22] [23] Cells with low RNA content maintain a state of deep dormancy in G 0 .
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to describe dormant hepatic cells responding to liver insult, and committed progenitor cells follow different pathways in using FL-1 and FL-3 channels for Ki-67 and 7-AAD, respectively.
the G 0 /G 1 phase of the cell cycle.
Alternatively, conventional cell-cycle analysis by DNA staining with propidium iodide was used as previously described.
3
MATERIALS AND METHODS
Long-term culture of CD34
/ subpopulations and progenitor assays. CD34
/ cells isolated in G 0 /G 1 subcompartments were CD34 / cell purification. BM and MPB samples were obtained seeded in 24-well plates at a density of 10 4 cells/mL in complete from healthy adult volunteers according to guidelines established by medium supplemented with IL-3, IL-6, and SCF, each at 100 ng/ the Human Investigation Committee of the Indiana University mL. Every week, half of the cells were removed, followed by reSchool of Medicine. Mobilization was achieved by daily G-CSF placement with fresh medium and cytokines. Aliquots of harvested administration at 5 mg/kg (maximum, 480 mg/d) for 4 consecutive cells were assayed for progenitor cell content in 1.3% methylcelludays. MPB cells were collected by apheresis on day 5. Low-density lose, 30% FCS, 100 ng/mL SCF, 10 ng/mL IL-3, 10 ng/mL IL-6, 5 mononuclear cells from both tissues were isolated by centrifugation ng/mL GM-CSF, and 2 U/mL erythropoietin (EPO). Hematopoietic over Ficoll-Paque (Pharmacia Fine Chemicals, Piscataway, NJ) and colonies were scored 2 weeks later according to standard criteria. were enriched for CD34
/ cells by immunomagnetic selection as Persistence of CD34 expression in culture. After 2 weeks of previously described.
10 All reagents for the immunomagnetic separalong-term culture, aliquots of cultured cells were harvested, washed, tion procedure were a generous gift from Baxter Healthcare (Santa and resuspended in 100 mL mouse serum (Sigma). After a 10-minute Ana, CA follows. nm band-pass filter, and Hst was detected with a 424 { 22 nm bandCultured cells were counted, washed, and stained with biotinylated pass filter. Sorting windows were constructed as depicted in Fig 1A. anti-CD34 monoclonal antibody (Caltag) followed by streptavidin Since, by definition, RNA staining with PY yields a continuous (SA)-APC (Molecular Probes). M phase during which Hst staining increases (Fig 1) .
Limiting dilution analysis of long-term hematopoietic culture-ini-
To assess the validity of Hst/PY cell-cycle fractionation, tiating cells. LTHC-IC frequencies were determined by a stromawe compared it with a recently described method of highfree limiting dilution analysis as described previously. 10 LTHC-IC resolution cell-cycle analysis, ie, the Ki-67/7-AAD with Ki-67/7-AAD (Fig 2) . Most of the cells (87% in the / cells). Altogether, these results indicate that in steady-state hematopoiesis, functionally distinct populations of HPCs can be identified along the G 0 / G 1 pathway of the cell cycle. Multipotential CFU and CFU precursors reside in G 0 and to a lesser degree in early G 1 phase, while late G 1 subcompartments appear to contain mainly committed progenitors.
We next determined the ability of G 0 /G 1 subcompartments of BM CD34
/ cells to maintain in vitro hematopoiesis in long-term cultures. CD34
/ cells isolated with varying RNA content within the G 0 /G 1 phase (Fig 4) were plated in stroma- IL-3, IL-6, and SCF. At weekly intervals, aliquots of cells were replated in progenitor cell assays to determine CFU production (Fig 6) . CFUs were detectable up to 6 weeks in cultures initiated with both G 0 CD34
/ cells and G 1a CD34
/ tional homogeneity. In addition, G 1 CD34 / cells isolated cells, while CFU production was exhausted after 2 weeks in from BM had a lower LTHC-IC frequency (0.7% { 0.2%) cultures of CD34 / subsets isolated in G 1b or G 1c . Total CFU than their counterparts isolated from MPB (5.7% { 2.0%, output was maximal in G 0 CD34 / cell-initiated cultures, and P õ .01), whereas no statistical difference was observed decreased in other cell subsets in inverse relationship to the between G 0 CD34 / cells isolated from these two sources (P initial RNA content of the test cells (Fig 6) . The persistence Å .17). This suggests that a specific subpopulation of CD34 / of CD34 expression among cultured cells was monitored on cells residing in late G 1 in the BM microenvironment, and day 14 in similar long-term cultures (Table 1 ). The percentwhose primitive HPC function is largely compromised, is age of CD34 / cells in vitro correlated with CFU production not recovered after mobilization into the PB.
Hematopoietic function of BM CD34
/ cells isolated in subcompartments of the G 0 /G 1 phase of the cell cycle. Additional experiments were performed to examine in more detail the functional heterogeneity of BM CD34
/ cells as a function of their position within the prereplicating phase of the cell cycle. Using Hst/PY staining, we arbitrarily defined four subcompartments of increasing RNA content in the G 0 /G 1 phase of the cell cycle, termed hereafter G 0 , G 1a , G 1b , and G 1c (Fig 4) . Sorting windows for G 1a , G 1b , and G 1c were constructed to contain the same percentage of cells as contained in the sorting window for G 0 cells defined as depicted in Fig 1A. BM CD34 / cells isolated in these subcompartments were used for subsequent functional assays.
The relative contribution of each of the CD34 / cell subsets to late and primitive progenitor populations was assessed by colony-forming unit (CFU) and LTHC-IC assays, respectively. Overall CFU frequency was not significantly different between cell subsets, and was 15.2% { 3.4% in G 0 CD34 and was highest in cultures initiated with CD34 / cells dis- decreased approximately 80% and 88% in G 1b CD34 / and Placement of the vertical cursor was adjusted with reference to day 0 G 1c CD34 / cell-initiated cultures, respectively. cell cycle. In a subsequent step, we reasoned that upon into G0, G1, and S/G2 " M phases of the cell cycle (C).
PKH2, and the horizontal cursor with reference to the isotype control.
Maintenance of hematopoietic function in ex vivo-ex-
completion of cell division, the most primitive progenitors may reenter transiently into a state of quiescence while more committed progenitors remain mitotically active. Previous already pointed out that a significant proportion of LTHCstudies from our laboratory using PKH2 cell tracking 10 had ICs contained in ex vivo expansion cultures belonged to a group of quiescent cells surviving in the absence of cell division, termed CNR cells. To distinguish nondividing In accordance with our previous studies, 10,33 the total num- (Fig 4) were plated in complete medium supplemented with IL-3-ILber of LTHC-ICs (Table 2) slightly decreased over a 7-day 6-SCF. After 14 days, the persistence of CD34 expression was deterperiod in suspension cultures supported with IL-3, IL-6, and tures did not respond to the cytokine stimulation used in IL-3, IL-6, and SCF in complete medium. At initiation and at 24-hour † Percent cells with indicated phenotype given relative to the total intervals, samples were assayed for cell-cycle analysis by the propidnumber of cells in culture on day 7. ium iodide method. Results are expressed as the mean { SEM, n Å 3. * P ú .05, † P õ .05: paired t-tests.
reentering G 0 retained a significantly higher frequency of LTHC-ICs (1.9 { 0.2) compared with cells reisolated in G 1 cell-cycle activation of G 0 CD34 / cells isolated before and or S/G 2 / M (0.8 { 0.25 and 0.3 { 0.2, respectively, P õ after ex vivo expansion was measured in short-term cul-.05), indicating that reacquisition of minimal RNA content tures. Suspension cultures from paired BM samples were after in vitro division was a distinct property of primitive initiated with day 0 G 0 CD34 / cells and 1 week later with hematopoietic cells assayed as LTHC-ICs. However, the day 7 G 0 CD34 / PKH2 dim cells reisolated with minimal RNA LTHC-IC frequency of CD34 / cells reentering G 0 after a content after ex vivo expansion. Both cultures were stimu-7-day ex vivo expansion was significantly lower than that lated with the IL-3-IL-6-SCF combination. Cells from detected among nonproliferating CD34 /
PKH2
bright cells, harpaired cultures were subjected to cell-cycle analysis at initivested from the same cultures (4.1 { 0.5, P õ .05 ; Fig 8) , ation and at 24-hour intervals (Table 3) . Day 7 G 0 CD34 / adding further evidence that a prolonged quiescent state was cells quickly progressed into active phases of the cell cycle associated with primitive hematopoietic function. / cells (6.5% { 2.0%, Fig 3) versus M, P õ .05), indicating that after in vitro division under our cultured CD34
/ cells reisolated with minimal RNA content culture conditions, G 0 CD34 / cells not only had a reduced (1.9% { 0.2%; Fig 8) prompted us to compare the relative frequency of LTHC-ICs but were unable to reacquire their level of cell-cycle dormancy of these two groups of cells initial degree of cell-cycle dormancy. to investigate the relationship between cell-cycle quiescence and primitive hematopoietic function. The rate of
DISCUSSION
In this study, we used simultaneous DNA/RNA staining and flow cytometric cell sorting to isolate and characterize fresh CD34
/ cells in different subcompartments of the G 0 / G 1 phase of the cell cycle, and to examine the relationship between reacquisition of mitotic quiescence and maintenance of primitive hematopoietic potential among proliferating ex vivo-expanded CD34
/ cells. Conventional cell-cycle analysis based on measurement of DNA content can classify cells in G 0 /G 1 or S/G 2 / M phases of the cell cycle as noncycling and cycling cell populations, respectively. 15, 32 This kind of static measurement categorizes all cells containing 2n DNA as G 0 /G 1 , and as such fails to address the kinetics of cell-cycle progression or heterogeneity of the cell-cycle rate within a given cell population. In addition, since the vast majority of primitive HPCs isolated in steadystate hematopoiesis reside in the G 0 /G 1 phase, 1 the simple distinction between S/G 2 / M and G 0 /G 1 cells is of limited interest. Data obtained with simultaneous DNA/RNA stain- experiments reported here (Fig 2) 24 total RNA measurements have been used to describe the progression of cells from a resting state, ie, G 0 , to an lend support to a hypothesis proposed by Ogawa 8 that ''the self-renewal process is associated with renewed dormancy active prereplicating state, G 1 . In addition, the appearance of cell-cycle stage-specific markers such as in the cell cycle, while the differentiation process is characterized by continuous cell doubling.'' type cyclins requires RNA synthesis, an event that may be detectable with DNA/RNA staining before the actual appear-
The initial cell-cycle position before ex vivo expansion of LTHC-ICs reselected in G 0 after in vitro proliferation was ance of these moieties.
In steady-state BM CD34 / cells, the relationship between not directly determined in the present study. Our data (Figs 3 and 5B) show that the majority of LTHC-ICs originate position within the G 0 /G 1 phase and primitive hematopoietic function is striking. Whereas late committed progenitors bein G 0 . However, a significant proportion of these primitive progenitor cells arise from early G 1 . Therefore, the possibillonged to immediate prereplicating phases, CD34
/ cells isolated in G 0 or early G 1 were enriched for multipotential CFUs ity exists that a cycling G 1 LTHC-IC would reenter G 0 after expansion culture. However, the higher generation of CD34 / and for LTHC-ICs. These observations support the concept that in steady-state hematopoiesis, the turnover of BM primicells (Table 1) and CFUs (Fig 6) in identical expansion cultures by G 0 LTHC-ICs suggests that secondary LTHCtive hematopoietic cells is low compared with that of more committed progenitors, and that a direct relationship exists ICs detected in the PKH2 dim fraction belong initially to the G 0 fraction. between the rate of cycling and the degree of lineage commitment. These observations are in line with a recent report 35 The findings in this communication shed new light on previous data reported by our laboratory. We previously showing a correlation between the proportion of cells in S/ G 2 / M and the proportion of committed progenitors in demonstrated in both the human 10,27 and the murine 11 systems that the primitive hematopoietic potential of primitive HPCs murine BM.
The same method of cell-cycle fractionation was less efundergoing proliferation in vitro was inferior to that of cells remaining quiescent in expansion cultures, referred to as fective in separating primitive LTHC-ICs when applied to MPB CD34 / cells, thus confirming previous reports demon-CNR cells. The present results indicate that although the strating the cell-cycle status homogeneity of MPB CD34 Blood (print ISSN 0006-4971, online ISSN 1528-0020) , is published weekly by the American Society of
